Literature data on equilibria between solid calcium phosphates having the apatite structure and aqueous solutions containing Na+ and C 0 32-ions were reexamined in view of the present data about the complexation of ions in such systems. Recalculations showed that all solutions were undersaturated or just saturated with respect to either brushite or octocalciumphosphate or more or less finely dispersed calcite and supersaturated with respect to pure hydroxylapatite. Sections through the quasi-sextary phase diagram were constructed which are representative for the system under simulated in vivo conditions.
Introduction
X-ray studies have established beyond question the apatitic nature of the main calcium phosphate phase in the mineral of bones and teeth [ 1 ] , al though other calcium phosphate phases can occur as well. It is also beyond doubt that sodium and carbonate are incorporated in the apatite phase and that this causes the adaptibility of the apatite phase to a hugh range of apparent solubility products in such a way that Na+ and C 032-incorporation leads to increased solubility. It seems further that in mam mals and man many body fluids are close to equili brium with the apatite of their bones [2 ] whereby the relative differences of the Na+ and C 032-content of these body fluids can in principle explain the ap parent differences in composition of the bone mine ral between species and within each bone of one spe cies. Qualitatively, it is expected that incorporation of more Na+ and C 032-ions in the apatite phase will lead to a further increase of its solubility. It is not clear what significance this might have for the rate of the energy conversion through the phosphate me tabolism in the organism and for all the biochemical cycles that depend on it. At the moment it is possible only to estimate the limits of the apatite stability field as they apply to the living organism. The pur pose of this paper is to make such an estimate on the basis of published experimental data for equilibra tions of calcium phosphates in Na+ and C 032-con taining aqueous solutions. Possible exchange reac tions controlling the equilibrium between an apatite phase and such aqueous solutions have been dis cussed in more detail elsewhere [3] although their significance has been recognized a long time ago [1] .
Equilibria in the System CaO-P 20 5-H 20 -MX
Precipitation studies in the acidic range (pH ^6 ) of the system CaO -P20 5 -H20 have shown that the solid formed first from an aqueous solution con taining calcium and phosphate ions is most probably brushite (DCPD or CaHP04 .2H20 ) . In the range pH 7 octocalciumphosphate (OCP or Ca8 (H P 04) 2 (P 0 4 ) 4 .5H20 ) is formed initially. Both phases transform into hydroxylapatite (OHA or Ca10(PO4) 6 (OH)2) upon hydrolysis in the range pH ^ 4.5. Below pH 4 brushite is stable. Good values for the solubility products of brushite, octocalciumphos phate and hydroxylapatite are 2.6 X 10-7, 2 X 10-69 and 3 X 10~118 respectively [4] . Elsewhere repre sentations of the underlying phase diagram were given as a plot of the total calcium concentration versus the pH [2] or as a plot of calcium versus phosphate concentration [4] .
Extension has been made of the ternary system Ca0-P20 5 -H20 into a quasi-quaternary system by defining a quantity U ( ± ) when there is either an excess of acid HX or an excess of base MOH present in the system [4] . The acid or base must contain anions or cations respectively that do not interfere with the calcium phosphates in such a way that they alter their solubility products or form complexions with calcium or any of the phosphate ions in the aqueous solution. Representations of this quasi- quaternary system CaO -P2Os -H20-MX are given in this study as a plot of the negative logarithm of the ionic product for hydroxylapatite pIoHA versus pH. In Fig. 1 the regions of undersaturation, rela tive supersaturation and absolute supersaturation at a molar C a/P ratio of 1 are designated and they appear to be separated by straight lines. These plots are analogues to those of Pourbaix et al. [5] . As follows from Fig. 2 , the position of the borderlines for brushite and octocalciumphosphate formation depends slightly on the C a/P ratio in the aqueous phase. In these diagrams the field of relative super saturation with respect to OCP and simultaneous undersaturation with respect to brushite has not been indicated, although it plays a role in the des cription of kinetic phenomenon occurring between calcium phosphates, e. g. brushite can be trans formed into octocalciumphosphate by careful hydro lysis at a pH 6.3 [6 ] .
E quilibria in the System C a 0 -
Many authors have investigated equilibria in this system with the purpose to simulate the in vivo sy stem where Na+ and C 032-ions are abundant. Un fortunately, only a few data contain all the infor mation relevant to such equilibria [3] , i. e. pH and the total content of calcium, phosphate, sodium and carbonate of the equilibrated aqueous solutions. They are compiled in Table I . Two other criteria were applied in the selection of these data. Firstly no solid phase other than apatite should have been used to constitute the system. Secondly, other elec trolytes interfering with the calcium phosphates by Taylor, 1937  Tables 1 and 2  13  Kleinmann, 1928  Tables 10, 11  and 19 10 altering their relative stability (Mg2+), as well as biopolymers and other oomplexing agens (citrate, lactate, etc.) should have been absent. For these data the negative logarithm of the ionic products for hydroxylapatite, brushite, octocalcium phosphate and calcite (CaC03) were calculated using the following constants: for H2C 03 pKA = 6.37 and pK2 = 10.25, for H3P 0 4 pKj = 2.12, pK2 = 7.21 and pK3 = 12.67 and for the com plexes NaC03-, NaHCOg), CaHC03+, CaC03°, N aH P04", CaH2P 0 4+, CaHP04° and CaP04" the pK for dissociation being + 1.27, -0.25, +1.26, + 3.2, + 1.15, + 0.73, +2.41 and + 6.46 [15 -17] . It must be noticed that in all investiga tions mentioned in Table I , the pH and the total con centrations of calcium and phosphate were deter mined after equilibration, whereas those of sodium and carbonate were either determined after equili bration or, for the sake of the calculations, they were assumed to be approximately equal to the initial concentrations.
The calculations showed that none of the equili brated solutions was saturated or supersaturated with respect to brushite or octocalciumphosphate, whereas about 80% of the solutions were undersatu rated or saturated with respect to calcite (pKoaco3 = 8.34) and the others seemed to be supersaturated with respect >to calcite (see discussion). However, all solutions were supersaturated with respect to pure hydroxylapatite.
For reasons mentioned in the introduction it is assumed that not pure hydroxylapatite but Na+ and C 032~-containing apatites have been the relevant solid phase in these experiments. It is further assu med that the Na+ and C0 3 2--eontaining apatites can be represented by a formula like that published by Bonel, Labarthe and Vignoles [26] Caio-x Na3X(P04)6-x (C03)x (H20)x (OH) so that hydroxylapatite is thought to be the end member of a continuous series of solid solutions with the apatite structure. Analogously to exchanges of OH~ by F" ions [27] the surface of such apatite crystals can exchange ions with the aqueous phase and, as a consequence, the crystals show a solubility behaviour in accordance with the composition x of their surface layer after equilibration. It is hypothe sized here that the above mentioned supersaturation with respect to pure hydroxylapatite is to be inter preted as the fact that the relevant aqueous solutions have been in equisibrium with an apatite surface layer containing some Na+ and C 0 32_ions. Thereby, it is to be expected that an increase in the solubility is related to an increased Na+ and C 0 32-oontent of the surface layer of the apatite particles. A more precise model and a more quantitative interpreta tion of the data of Table I sustaining this hypothesis will be given elsewhere [1 8 ] . Thus the apparent supersaturation of many body fluids with respect to pure hydroxylapatite is interpreted as a state of sa turation or slight undersaturation with respect to the N a+ and C 0 32~containing apatite relevant to the inorganic composition of those body fluids.
The consequence of this Na+ and C 0 32-incorporation into the apatite for the form of the phase dia gram of the quasi-sextary system CaO -P 2O5 -H20 -Na20 -C 0 2 -MX is then as presented in Fig 3 and Fig. 4 : the line for apatite stability of Figs 1 and 2 is transformed into an apatite stability field. The positions of the border lines for brushite or octocalciumphosphate depend on the C a /P ratio in the aqueous phase, that for calcite depends on both Ca/P and Pco2 • In this context it may be mentioned that Pco2 = 5-3 kPa equals the value for the internal medium in the human body (40 mm H g ). It must be realised that each point of the apa tite stability fields of these figures can be realised in keeping with two degrees of freedom according to the phase rule, so that Figs 3 and 4 must be consi dered as projections of sections through the m ulti dimensional phase diagram, as they are used fre quently in this type of representations [1 5 ] .
D iscussion
In the experiments where supersaturation with respect to calcite was apparent a finely dispersed calcite phase might have been present. Taking into account an effective surface energy of about 0.1 J m-2 or lO O erg/cnT 2 [19] and a critical nucleus size of 1.2 nm, one calculates a maximum solubility product of 5 x 10-8 (pK = 7.30). As pIcaC03 f°r all data was higher than this pK value, it can be concluded that the theoretical border line for calcite form ation as depicted in Figs 3 and 4 describes the equilibria in the quasi-sextary system, if calcite is taken into consideration in a more or less finely dis persed form.
As far as the apatite phase is concerned, reported values for the effective surface energy are in the range 0.1 -0.4 J m~2 or 100 -400 erg/cm 2 whereas an average crystal size of 30 nm is typical for pre parations by precipitation from aqueous solutions [2 0 ]. This allows for a decrease of up to 1 unit in the pK value for hydroxylapatite. The pIoHA values derived from the experimental data exceed this de crease by up to 20 units in the m ajority of the equi libria. Therefore, the incorporation of N a+ and C 0 32_ions in the apatite structure rem ains most probably as the prim ary cause of the decrease in pIoHA apparent from our calculations although the particle size might have contributed to the effective decrease of the pIoHA in those data where the solid phase was formed by precipitation, m aking up about 55% of the data. In the other and also in the ex periments by Ericsson [2 1 ] apatite was present as a well defined phase from the beginning of equili bration so that neither the effect of particle size nor that of ion entrapment are acceptable explanations for the observed behaviour of these apatitic systems. The incorporation of N a+ and C 0 32-ions remains as the most serious possibility for causing the in creased solubility in N a+ and C 0 32-containing mediums.
As far as the accuracy of representations such as given in Fig. 1 through 4 is concerned, they depend on the standard deviation of the solubility products of the compounds brushite, octocalciumphosphate and calcite and also on the fact whether these are affected by the presence of Na+ and C 0 32-ions at all.
The solubility product for brushite [16] at 25 °C equals 2.57 (db 0.01) 10-7, that for octocalcium phosphate [22, 6 ] is about 2 X 10~69 and may con tain an error of 50%, whereas that of calcite [23] is 3.3 ( ± 0.7) 10~9. According to Olsen, W atanabe and Cole [2 4 ], Na+ and C 0 32-ions do not have an appreciable effect on the solubility product of brushite, whereas O'Connor and Cadena [23] have shown that the solubility product of calcite is inde pendent of the Na+ concentration. It is not known whether the solubility product of ootocalciumphosphate depends on the presence of Na+ and C 0 32-ions.
As far as the validity of representations such as given in Fig. 1 through 4 is concerned, real systems in ecology, biology and medicine may also contain other (trace) ions such as Mg2+, Fe2+, Zn2+, F-. It is known that the F"ion affects the stability of the apatite phase. If traces of Fe2+ or other divalent transition metal ions would not be present, monetite C aH P 04 rather than brushite C aH P 04.2H20 might form in the low pH range [2 5 ]. This would shift the according borderline somewhat to higher pH values as monetite is slightly more stable than brushite [4 ] . The presence of Mg2+ions would lead to the formation of a whitlockite phase [2 6 ]. This Mg-containing calcium phosphate is isomorphous with ß-tertiary calcium phosphate which can be formed at high tem peratures, and which develops a solubility interm ediary between that of hydroxylapatite and octocalciumphosphate [4 ] . A thorough examination of these effects of other trace elements is necessary
